A new method of processing borehole acoustic array data is described. The method detects arrivals by computing the scalar semblance for a large number of possible arrival times and slownesses. Maxima of semblance are interpreted as arrivals, and their associated slownesses are plotted on a graph whose axes are slowness and depth. The processing makes few prior assumptions about the data and the algorithm is uncomplicated.
INTRODUCTION
The generation and recording of borehole acoustic waves is a key measurement employed in oil well wireline logging. The traditional parameter to be estimated from the waveforms has been the formation compressional slowness (that is, reciprocal velocity). In an uncased borehole, at a sufficient distance from the transmitter, the first arrival propagates at the deep formation velocity and the compressional slowness can be estimated merely by measuring the first time of arrival of energy at two receivers located a known distance apart. A drawback of this method is that first arrival detection is prone to error in the presence of noise spikes. Moreover, in a borehole with a poorly bonded casing a strong arrival propagating at approximately the compressional speed of steel may be generated, which usually arrives before the formation compressional wave.
In recent years attempts have been made to extract additional information from sonic waveforms, the parameter of greatest interest being the formation shear slowness. Still another component of sonic waveforms is the Stoneley wave (or tube wave), a mode propagating along the interface between the formation and the borehole fluid. Schemes for estimating the shear slowness are described by Aron et al (1978) and by Cheng et al (1981) . The method described by Aron et al was designed to process data recorded by an array of four receivers, It uses an ad hoc measure of similarity between time-windowed segments of the waveforms called "four-fold correlation"-essentially the integral of the product of the four time-shifted waveform segments. First-arrival detection in conjunction with four-fold correlation is used to estimate the compressional slowness, while four-fold correlation alone is used to estimate the shear slowness. The exact details of the algorithm are complicated, involving time windows of varying length (chosen to span 1.5 cycles of the first waveform), dilfcrent criteria (depending on whether the compressional or the shear slowness is being estimated) for the placement of tho time window on the first waveform, and a requirement that the estimated shear slowness not differ too much from a running average of previously estimated shear slownesses.
A considerably different approach, applicable to arrays of two receivers, is presented by Cheng et al. First-arrival detection in conjunction with the similarity measure semblance is used to estimate the compressional slowness. The estimation of shear slowness involves first crosscorrelating the windowed compressional arrival in the first waveform with the remainder of the first waveform. The shear arrival time is taken to be the time at which the value of the crosscorrelation first exceeds the energy of the compressional arrival. Next the windowed shear arrival in the first waveform is crosscorrelated with the second waveform over an interval of lags corresponding to an allowable range of values for the shear slowness. The shear arrival time is chosen to correspond to the particular lag which maximizes the crosscorrelation. The estimated shear arrival time at the two receivers determines the shear slowness estimate. This paper describes a new approach to processing borehole acoustic waveforms from arrays of two or more receivers. It does not use first-arrival detection. Rather than confining itself to estimating only the compressional and shear slownesses, the algorithm searches for all arrivals (defined later) received by the array.
The structure of the algorithm is simple. A set of time windows is applied to the waveforms, with the window positions determined by two parameters: an assumed arrival time at the first receiver, and an assumed slowness. For a range of values of arrival time and slowness, the scalar semblance is computed for the windowed waveform segments. Local maxima of the semblance function are identified by a peak-finding algorithm, and the corresponding slowness values are plotted as gray-scale marks on a graph whose axes are slowness and depth. The intensity of each mark is proportional to the height of the semblance peak.
Examples of this new algorithm as applied to field data taken by an experimental sonic tool with twelve receivers are presented, including both cased and uncased wells. 
THE SLOWNESS-TIME SEMBLANCE LOG Semblance computation and peak-finding
The computation of semblance as a function of slowness and arrival time as described in the previous section, is the basis for all of our subsequent signal procssing. By itself a contour plot of semblance versus slowness and arrival time is a very useful representation for the set of waveforms, but in practical sonic logging many thousands of sets of waveforms are collected from a single well, and it is impractical to inspect visually each of the contour plots. It is therefore necessary to reduce the contour plot to a finite number of parameters. This is done by employing a peak-finding routine to identify semblance peaks and associating an arrival with each such peak.
The peak-finding routine has two features: first, it confines its search to a prespecified region of the slowness-time plane, and second, it employs a nontrivial definition of what constitutes a peak. The search region in the slowness-time plane is limited both to reduce the required number of computations and to minimize spatial aliasing.
The form of the search region in the slowness-time plane is a parallelogram illustrated in Figure 2 . and the semblance is only computed for points within the shaded region. Typically, the search interval for slowness is between 35 and 250 psec/ft. The arrival time search is constrained to be within some fixed amount, typically 1000 psec, of the predicted arrival time given by equation (2).
The critical part of the peak-finding algorithm is the definition of what constitutes a peak. The simplest and most obvious criterion for saying that a peak exists at coordinates s and 7 is that a semblance local maximum exists at that point, and that the semblance at that point exceeds a prespecified threshold. This criterion proved unsatisfactory because a single arrival may produce more than one local maximum. The actual criterion adopted was the following: a peak exists at the point if (1) the semblance at that point exceeds a threshold q, and (2) the semblance at that point exceeds the semblance at all other points within a rectangular-shaped neighborhood centered about the point. The choice of q should depend upon both the number of receivers and the interreceiver spacing. For the results presented in this paper, 9 was set equal to 0.25 and the peak neighborhood was 10 psec/ft by 1000 psec.
The procedure described above reduces the semblance function to a finite number of detected arrivals, each characterized by an estimated slowness and arrival time The slowness values are, in turn, plotted as gray-scale marks on a graph whose horizontal axis represents slowness and whose vertical axis represents sonic tool depth within the borehole. The intensity of the gray-scale mark is proportional to the semblance. An example of this type of display is shown in the first column of Figure  3 . The vertical scale representing depth within the borehole ranges from 2980 ft to 3220 ft. The horizontal slowness scale ranges from 0 to 250 psec/ft. It should be noted that the number of arrivals detected can vary from one depth to another, and that in producing this plot, the software makes no attempt to identify a particular detected arrival as compressional, shear, or Stoneley.
Processing enhancements
The semblance processing produces a plot of slowness versus tool depth, for detected arrivals, with no specification of the nature of any of the arrivals. In practice, this is the most useful type of sonic log for most purposes. When the data are "good," human interpreters have no difficulty identifying the various arrivals appearing in the log. When the data are "bad," that is, the slownesses are widely scattered or extraneous arrivals are present, the problem is immediately apparent to an interpreter. Nevertheless, there are certain applications of sonic logging where it is desirable to label automatically a detected arrival as "compressional", "shear", or "Stoneley." These include the generation of synthetic surface seismograms, the computation of Poisson' s ratio, and the estimation of the energies of the compressional and shear arrivals. The following elementary rules can be applied to the detected arrivals to label them. 
where c is a prespecilied constant, typically 0.5. The effect of this cost function is to choose an early arrival whose arrival time corresponds closely to the nominal arrival time given by equation (2).
Having identified the compressional arrival, the shear arrival is taken to be the detected arrival with the greatest semblance which satisfies the following constraint :
1.4~~ 5 s < Min (sr, 2.1s,),
where s, is the estimated compressional slowness, and s, is the fluid slowness. The lower bound on s is consistent with having a positive Poisson' s ratio. In order for a shear arrival to be present the shear slowness must be less than the fluid slowness. The constrain&s I 2.1 s, , was derivedeempirically.~ The Stoneley slowness is always greater than the fluid slowness. In the data taken by our sonic tool we have found that the Stoneley wave tends to be the most energetic arrival with slowness greater than the fluid slowness. Therefore we use this as the criterion for identifying the Stoneley wave.
In addition we have found it useful to estimate the energy associated with the arrivals identified as compressional, shear, and Stoneley. The most obvious way to do this, for a particular detected arrival with slowness-time coordinates (s, t), would be to compute the numerator appearing in the expression for semblance:
E(s, 7) = j, r,[t + s(z, -zd + 711' dt. (6)
In practice this proved unsatisfactory, because the time at which maximum semblance occurs for an arrival does not generally correspond to the time at which maximum energy occurs. Instead the energy estimate is taken to be the maximum value which the expression (6) assumes, with the arrival time constrained to lie within some specified distance (typically 500 psec) of the value determined by maximizing semblance. The fact that the energy estimate is sensitive to the placement of the time-window indicates the inherent difficulty of determining precisely the starting time of an arrival. Note from the semblance contour plots the width of the peaks with respect to arrival time Nevertheless it has been found that even a rough estimate of energy is useful to have, since semblance (being a normalized quantity) gives no indication of energy. In the examples presented here the waveforms were sampled at the rate of 100 kHz. Data were collected at the rate of at least two "shots" of twelve waveforms for each per foot of depth, and each set of waveforms was processed independently. were surrounded by a 1 ft thick altered zone of slightly greater
Examples of plots of estimated
In this case, the depth interval in question is known (from core samples) to be highly laminated, potentially with fluidfilled cracks between the laminations. Under these conditions, the shear wave is severely attenuated.
The energy plots in Figure 3 are also of interest. Note that when the compressional and shear are both present, the shear has about 20 dB more energy than the compressional. As the tool moves into the shearless zone, the shear energy diminishes significantly and the compressional energy shows increased scatter. Over part of the shearless zone the Stoneley energy drops significantly. At first this might be attributed to the same laminations which attenuate the shear; however, the Stoneley energy returns to its normal levels later within the shearless zone. Examination of a caliper log has shown that this reduction in Stoneley amplitude coincides with a 1 ft long region in which the borehole diameter is enlarged by 0.5 inches. The decrease in Stoneley amplitude over a longer interval can be attributed to the length of the tool (17 ft). This suggests that the Stoneley energy is sensitive to minor roughness in the borehole wall.
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Cased hole, slow formation performance Because the semblance processing makes no assumptions about the origin of arrivals in the waveforms, it may be applied to data in which arrivals other than the compressional, shear, and Stoneley appear. Two examples of this feature will be presented here.
Perhaps the most common instance of such arrivals is that of a cased borehole. Figure 
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An even more interesting result is seen in Figure 6 . At depths near 6500 ft, two arrivals having about the same slownesses are logged. The second of these arrivals cannot be the shear because its slowness is too smali for Poisson' s ratio to be positive. As before, the first step in understanding the problem is to Here the model independence of the semblance processing has allowed the logging of unexpected phenomena.
CONCLUSIONS AND FUTURE STUDIES
A new method of processing borehole acoustic array data has been described. It makes few prior assumptions about the data, and it is a straightforward application of semblance to detect arrivals in the received waveforms and to estimate their slownesses. When anomalies in the log are observed, they are traceable to the slowness-time contour plot of semblance and then back to the waveforms themselves. The effectiveness of the method has been demonstrated by its application to both open and cased hole data.
The semblance processing depends upon having a constant slowness across the receiver array. In general, vertical inhomogeneities across the receiver array reduce the quality of the log. Indeed, the 5.5 ft array length of the DS2 may be too large for some formations. Future signal processing schemes should directly take into account the horizontal layering. 
